Introduction
Polarized epithelial cells form barriers between two biological compartments in the body and regulate the ionic composition of these compartments by vectorial transport of ions and solutes. In tissues such as the kidney, the epithelium separates the lumen of the tubule from the blood supply. Ions and solutes are reabsorbed from the tubule lumen (ultrafiltrate) and vectorially delivered to the blood supply on the other side of the epithelium. This unique function of the epithelium requires that the space between cells is sealed by the tight junction, and that there is a non-random distribution of proteins between the membrane domains, apical and basal-lateral, that face different biological compartments. Proteins involved in the absorption of ions and solutes, including ion channels and co-transporters, are restricted to the apical membrane domain, whereas proteins involved in signal transduction, cell-cell and -cell-substratum contact, and some ion transporters (e.g. Na+/K+-ATPase), are restricted to the basal-lateral domain.
Much of the current interest in polarized epithelial cells has focused on the mechanisms involved in the establishment and maintenance of these restricted distributions of membrane proteins (for reviews, see [ 1, 21) . Studies of polarized epithelial cells in culture have yielded important insights into the mechanisms involved. MadinDarby canine kidney (MDCK) cells, a cell line derived from canine renal epithelium, form continuous monolayers of cells that are structurally and functionally polarized, and exhibit a polarized distribution of membrane proteins between the apical and basal-lateral membrane domains similar to that found in the cells of origin [l, 21. The majority of recent studies have focused on the delivery of newly synthesized proteins from the Golgi complex to the plasma membranes in these cells. Results have shown clearly that in this cell type proteins arrive efficiently and directly at the appropriate membrane domains; this indicates that apical and basal-lateral membrane proteins are sorted in the trans-Golgi network before delivery to the cell surface [ 3 ] . Studies of other cell types, including hepatocytes [4] and intestinal epithelia (e.g. Caco 2 cells [ S ] ) , have demonstrated more complex pathways of protein delivery to the cell surface involving endocytosis and transcytosis of proteins inserted into the 'incorrect' membrane domain.
While these studies address the question of the mechanism(s) involved in the maintenance of polarized distributions of membrane proteins, they do not provide direct insight into those mechanisms involved in the establishment of cell polarity. This too is a complex problem since, in vivo, polarized epithelial cells arise from non-polarized precursor cells [2, 6, 71. The formation of a polarized epithelial cell requires several fundamental changes in the structural and functional organization of the precursor cell: the formation of an apical cell surface; development of specific cell-cell, and, probably, cell-substratum contacts; and the remodelling of the distribution of proteins constitutively expressed in the non-polarized precursor cell to a more restricted distribution in the polarized cell 121.
Ideally, we would like to address the mechanisms involved in the development of a polarized epithelial cell by studying the process in vivo.
Recent studies of the formation of the trophecto-
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derm [6] and kidney tubule epithelium [7] have shown that specific cell-cell and cell-substratum contacts are important in the induction of precursor cells. The principal cell-adhesion protein involved is a Ca2+-dependent adhesion protein termed uvomorulin or E-cadherin system for this analysis is that only a subset of the problems associated with the development of epithelial cell polarity can be addressed. These cells constitutively express apical membrane proteins, which in the non-polarized precursor cell in vivo would be expressed de novo after induction of the precursor cell. Nevertheless, it is possible to analyse in detail the consequences of cell-cell contact on subsequent events involving the remodelling of the cell surface distribution of membrane and cytoplasmic proteins [Z] .
We have focused our studies on the mechanisms involved in the remodelling of the cell surface distribution of Na+ /K+-ATPase. Na+ /K+ -ATPase is a ubiquitous plasma membrane protein in animal cells that plays a fundamental role in the maintenance of homoeostasis. In many cell types, including the precursors of polarized epithelial cells, Na+/K+-ATPase has a uniform distribution on the cell surface. However, in many polarized epithelial cells (e.g. intestine, kidney), the cell surface distribution of Na+/K+-ATPase is restricted to the basal-lateral membrane domain. Restriction of Na+ /K+ -ATPase distribution in this membrane domain establishes a transepithelial Na Thus the distribution of Na+ /K+-ATPase becomes similar to that of the cell adhesion protein uvomorulin [ 171.
These observations raise two important questions. First, what is the mechanism for accumulation of Na+/K+-ATPase at the (basal-) lateral membrane? And secondly, is there linkage between uvomorulin-induced cell-cell contacts and the localization of Na+ /K+-ATPase to regions of cell-cell contact? Recent studies indicate that the membrane cytoskeleton may play an important role in the spatial organization of the Na+/K+-ATPase during the development of epithelial cell polarity.
The membrane cytoskeleton in polarized epithelial cells: molecular dissection of the protein components
The membrane cytoskeleton is comprised of structural cytoplasmic proteins linked to integral membrane proteins. The erythrocyte is the model system that has been used as the point of reference for studies of the membrane cytoskeleton in nonerythroid cells, including polarized epithelial cells (for review, see [ 181). In the erythrocyte, the principal cytoplasmic component of the membrane cytoskeleton is a protein termed spectrin, a flexible
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rod-shaped protein that forms hexagonal arrays linked at their vertices by accessory proteins that include protein 4.1, adducin and actin [18] . This spectrin lattice is linked to the plasma membrane through ankyrin, which binds to spectrin and the cytoplasmic domain of the anion transporter (also termed band 3) [18] . The erythrocyte membrane cytoskeleton plays an important role in stabilizing the plasma membrane [19] [22] and Na+ / K+-ATPase [ 16, 17,221 on the basal-lateral plasma membrane domain of distal tubule cells and in MDCK cells. These results raise the possibility that these cells might contain membrane-cytoskeletal protein complexes similar to those found in the erythrocyte. Direct evidence for protein complexes in epithelial cells was obtained from studies of purified protein binding in vitro, and the analysis of protein complexes isolated from whole-cell extracts.
The binding of ankyrin to an integral membrane protein, other than the erythrocyte anion transporter, was directly demonstrated for Na+ / K+-ATPase. Na+/K+-ATPase was purified in a membrane-bound and active form from canine kidney and was shown to bind ankyrin purified from human erythrocytes; the binding was found to be saturable and high affinity (& -~O -" M [21, 23, 24] .
That binding occurred between these proteins in vitro raised the question as to whether these proteins formed a complex in vivo. To search for such protein complexes, MDCK cells were extracted with non-ionic detergent in isotonic buffer, and the solubilized proteins were separated in a sucrosedensity gradient and then in a non-denaturing polyacrylamide gel [2S] . Analysis of the sucrose-gradient fractions by immunoblotting revealed that ankyrin, fodrin and Na+/K+-ATPase co-sedimented with a relative sedimentation rate of 10.5s in a region of the gradient that contained < 5% of the total solubilized proteins. Ankyrin and fodrin extracted from MDCK cells sedimented faster than the corresponding purified protein, indicating that these proteins were part of a larger protein complex. When the proteins were further separated in a non-denaturing polyacrylamide gel, the nature of the protein complex(es) was revealed [201.
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Two protein bands were detected in the nondenaturing gel in the fractions from the sucrose gradient that contained ankyrin, fodrin and Na+/K+-ATPase. The faster migrating protein band reacted with ankyrin and fodrin antibodies, but did not react with antibodies specific for Na+ /K+-ATPase. Significantly, this protein band exhibited an electrophoretic mobility similar to that of a protein complex formed in vitro between purified ankyrin and spectrin tetramers, suggesting that this protein band contained an ankyridfodrin tetramer complex; preliminary electron microscopical analysis of these fractions from the sucrose gradient has revealed the presence of structures similar to ankyrinifodrin 
Assembly of the membrane cytoskeleton and the role of cell-cell adhesion
Although there is strong experimental evidence for the presence of ankyrin, fodrin and Na+/ K+-ATPase complexes in MDCK cells, little is known about the mechanism(s) involved in the assembly of these (individual) complexes into a supramolecular structure similar to the one that comprises the membrane cytoskeleton in erythrocytes. It is possible that accessory proteins such as protein 4.1 and adducin play a role in linking together fodrin complexes similar to their role in the erythrocyte ([18]; see above); there is evidence that adducin is located at cell-cell contacts in polarized epithelial cells [26] .
Indirect immunofluorescence studies have revealed that the restriction of ankyrin, fodrin and Na+/K+-ATPase to the basal-lateral membrane is initiated by cell-cell contacts, and, furthermore, is characterized by the appearance of a Triton X-lOOinsoluble pool of these proteins on the plasma membrane at sites of cell-cell contact [ 14, 16, 171 ; insolubility in non-ionic detergents is correlated with assembly or association of proteins with the cytoskeleton. Strikingly, adducin [26] and protein 4.1 (J. Marrs, unpublished work) also became local-
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ized to sites of cell-cell contact in these cells, further supporting the notion that these proteins may play a role in the assembly of the membrane cytoskeleton.
What is the cause of the apparent assembly of the membrane cytoskeleton at sites of cell-cell contact? In MDCK cells, cell-cell contact appears to be regulated in part by the Ca'+ -dependent cell-adhesion protein, uvomorulin [ 131. There is mounting evidence that uvomorulin is associated directly or indirectly with the cytoskeleton, perhaps through linkage to a family of cytoplasmic proteins, termed catenins, that are tightly bound to the cytoplasmic domain of uvomorulin [27] . There is circumstantial evidence that uvomorulin is associated in some way with components of the membrane cytoskeleton [17] . A portion of uvomorulin co-sediments in sucrose gradients with ankyrin and fodrin, and comigrates with these proteins and Na' /K+-ATPase in non-denaturing polyacrylamide gels [ 171. Linkage between uvomorulin and the membrane cytoskeleton would provide a simple explanation for the observed co-localization of ankyrin, fodrin and Na+/K+-ATPase at sites of cell-cell contact induced by uvomorulin. For example, specific cell-cell contacts induced through homotypic binding between uvomorulin molecules on adjacent cells would act as nucleation sites on the cell surface for the assembly of the membrane cytoskeleton; this might be similar to the effect of the addition of a ligand to the cell surface of lymphocytes which also results in patching and capping of ligand-receptor complexes by the cytoskeleton [28] . As a consequence of the assembly of the membrane cytoskeleton, other membrane proteins that are bound to it (e.g. Na+/K+-ATPase) are also selectively incorporated into the forming cytoskeletal complex at cell-cell contacts. Since cell-cell contacts are not formed at either the apical or basal membranes, we predict that there is no signal for membranecytoskeleton assembly and, hence, N a + / K + -ATPase is simply removed from those regions of the membrane through normal protein degradative pathways. The consequence of these events is the preferential accumulation of Na + / K + -ATPase at lateral membranes (cell-cell contacts) as shown by immunofluorescence analysis.
Direct evidence that uvomorulin plays an instructive role in determining the cell surface distribution of Na+/K+-ATPase and the membrane cytoskeleton was obtained through analysis of protein distributions in fibroblasts expressing uvomorulin [29] . Previous studies have shown that expression of uvomorulin in these cells induced the formation of epithelioid colonies of cells [30-321. Indirect immunofluorescence showed that untransfected fibroblasts constitutively express Na+ / K + -ATPase and fodrin, but that the distributions of these proteins appeared uniform on the cell surface and in the cytoplasm, respectively. However, parallel analysis of fibroblasts expressing full-length uvomorulin showed that in these cells uvomorulin, Na+ /K+-ATPase and fodrin were co-localized at sites of uvomorulin-induced cell-cell contacts. Thus, in the presence of uvomorulin there was a complete remodelling of the cell surface distribution of two unrelated proteins, Na+ /K+-ATPase and fodrin, from an unrestricted distribution to a distribution that was restricted to a specific region of the plasma membrane similar to that in a polarized epithelial cell.
Taken together with the results from MDCK cells, it is tempting to conclude that the redistribution of Na+ /K+ -ATPase by uvomorulin-mediated cell-cell contacts in these fibroblasts was the result of linkage of these proteins through the membrane cytoskeleton. T o test this idea, fibroblasts were transfected with a truncated uvomorulin that had a deletion of 72 out 15 1 amino acids in the cytoplasmic domain. Analysis by immunofluorescence microscopy showed that neither uvomorulin, Na+ / K+-ATPase or fodrin were localized to regions of the plasma membrane in contact with adjacent cells 
Conclusions
A recurrent theme in development is the formation of complex tissue patterns from non-polarized precursor cells. The conversion of these precursor ce& appears to be induced by cell-cell and cell-substratum contacts. Clearly, these signals from outside the cell cause a dramatic change in the pattern of gene expression and a structural and functional remodelling of the cell. The studies summarized above on the development of cell surface polarity in epithelial cells have provided evidence of a direct link between the induction of cell-cell contact through uvomorulin and the remodelling of the distribution of an important membrane protein, Na+ / K + -ATPase. This linkage appears to involve the membrane cytoskeleton. These results provide the foundation for future studies on the nature of the signals that induce assembly of the membrane cytoskeleton at sites of cell-cell contact, direct Volume 
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analysis of the linkage of uvomorulin t o the cytoskeleton, and the characterization of other membrane proteins that are linked t o ankyrin and fodrin.
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